e l a s t i c and shape memory behaviour and f r a c t u r e mode o f t h e copper-aluminiumz i n c shape memory a l l o y s w i t h d i f f e r e n t vanadium c o n t e n t s were i n v e s t i g a t e d .
I t was found t h a t t h e vanadium a d d i t i o n i s very e f f e c t i v e i n reducing 0 -g r a i n s i z e . In t h e specimen h o t -r o l l e d and r e c r y s t a l l i z e d f o r s e v e r a l t e n minutes a t 1073K, t h e maximum mean g r a i n s i z e was only 300 pm. When t h e a n n e a l i n g time i s s h o r t e r , i . e . a few minutes, i t r e a c h e s 200 pm. The minimum 6 -g r a i n s i z e 100 t o 150 o f t h e specimen i n t h e r e c r y s t a l l i z e d s t a t e was o b t a i n e d by combination o f vanadium a d d i t i o n and c o l d -r o l l i n g .
The r e c o v e r a b l e pseud* e l a s t i c s t r a i n o f t h e specimen having f o u r -f i v e g r a i n s a l o n g i t s t h i c k n e s s was found t o be up t o 5 % , and r e c o v e r a b l e shape memory s t r a i n up t o 5 . 5 % , both a r e n e a r t h e mean t h e o r e t i c a l values o f p o l y c r y s t a l l i n e m a t e r i a l s . I t was found t h a t g r a i n boundary c r a c k i n g , which i s u s u a l l y observed i n copperbase 0 -b r a s s a l l o y s and i s c o n s i d e r e d t o be t h e most u n d e s i r a b l e f a i l u r e of t h e s e a l l o y s , was remarkably suppressed by vanadium a d d i t i o n . I n t r o d u c t i o n . -Although t h e copper-aluminium-based shape memory a l l o y s have t e c h n i c a l and economical advantages o v e r o t h e r shape memory a l l o y s , t h e r e a r e s t i l l some important problems which must be s o l v e d i n o r d e r t o develop more s t a b l e a n d r e l i a b l e shape memory aluminium-bronze. Among t h e m , t h e l a r g e B-grain s i z e ( t y p i c a l l y i t s diameter i s 0.5 t o 2 mm) and tendency o f g r a i n boundary c r a c k i n g , both t y p i c a l l y observed i n copper-base B-brass t y p e a l l o y s , have u n d e s i r a b l e e f f e c t s on mechanical p r o p e r t i e s and shape memory behaviour o f t h e s e a l l o y s . The d i f f i c u l t y i n reducing 0 -g r a i n s i z e l i m i t s t h e t e c h n i c a l l y a p p l i c a b l e range o f t h o s e shape memory a l l o y s . S i n c e Khan and Delaey (1) f i r s t suggested t h a t l e s s -s o l u b l e a l l o y i n g elements i n copper-base 0 -b r a s s a l l o y s , such a s i r o n , would be e f f e c t i v e i n h i b i t o r s of 0-grain growth, s e v e r a l works have been r e p o r t e d on t h e e f f e c t s o f t h e 3rd o r 4 t h a l l o y i n g elements on 0 -g r a i n s i z e and mechanical p r o p e r t i e s ( 2 , 3 ) . According t o t h e copperaluminium-vanadium phase diagram ( 4 , 5 ) , i t i s expected t h a t vanadium is a l s o one of t h o s e elements which a r e l e s s -s o l u b l e i n copper-aluminium 0-phase.
In t h e p r e s e n t work t h e e f f e c t s o f vanadium a d d i t i o n on t h e 0 -g r a i n s i z e , p s e u d o -e l a s t i c and shape memory behaviour, t h e t e n s i l e f r a c t u r e mode i n t h e copper-aluminium-zinc B-brass a l l o y s were i n v e s t i g a t e d , and i t was found t h a t t h e vanadium a d d i t i o n i s very e f f e c t i v e i n reducing t h e 0 -g r a i n s i z e and a l s o t h e tendency o f i n t e r g r a n u l a r c r a c k i n g , w i t h o u t lowering shape memory p r o p e r t i e s .
Experimental Procedures.-I n g o t s withapproximate s i z e 18mm x 150mm o f seven Cu-Al-Zn a l l o y s w i t h d i f f e r e n t vanadium c o n t e n t s (from about 0.2 t o 2.0 mass%) were melted i n vacuum-sealed q u a r t z c a p s u l e s . The chemical compositions and transformat i o n temperatures found by e l e c t r i c a l r e s i s t i v i t y measurement a r e shown i n Tables 1  and 2 , r e s p e c t i v e l y . I n g o t s o f t h e s e a l l o y s were hot-forged s l i g h t l y and h o t -r o l l e d a t about 900K t o 1.5 t o 2mm t h i c k . S t r i p s f o r t h e t e n s i l e t e s t i n g were c u t o u t from t h e h o t -r o l l e d s h e e t s , mechanically p o l i s h e d and f i n i s h e d by e l e c t r o p o l i s h i n g t o lmm t h i c k x 3mm wide x 50mm long t o remove any s u r f a c e f a i l u r e . A l l specimens were t h e n annealed i n q u a r t z c a p s u l e s under argon atmosphere a t 973K o r 1073K from a few t e n s t o a few thousands seconds followed by water-quenching. Tab l c 2. ' l ' r a n s f o r~n a t i o n 'femperatures (K) . o b s e r v a t i o n on t h e whole s u r f a c e o f each t e n s i l e specimen was c a r r i e d o u t t o mcasure t h e 6 -g r a i n s i z e . The 6 -g r a i n s i z e was measured by t h e u s u a l l i n e a r i n t e r c c p t ncthod. T e n s i l e t e s t was c a r r i e d o u t i n each spccimcn between l i q u i d n i t r o g e n t e m p e r a t u r e and room t e m p c r a t u r c . F r a c t o g r a p h i c s t u d y was c a r r i e d o u t t o o b s c r v c t h e t e n s i l e f r a c t u r e s u r f a c e by s c a n n i n g c l c c t r o n microscopy. F i g . 1 shows t h e t y p i c a l f i n e -g r a i n e d p o l y c r y s t a l l i n e specimens o f a l l o y s B -1 and C-2, both were h o t -r o l l e d a t 900K and r e c r y s t a l l i z e d a t 1073K f o r 1 . 8 k s , followed by water-quenching.
l'hc a v c r a g e g r a i n s i z e o f B-1 was found t o be 260 Um.
Tt was observed t h a t a c r o s s t h e t h i c k n e s s o f t h e t e n s i l c specimen 111m t h i c k t h e r e a r e f o u r -f i v e g r a i n s , and t h e a -g r a i n s tiavc alniost c q u i -a x e d s h a p c . I t seems t h a t 13-grain s i z e s c a r e c e l y v a r i e s w i t h t h c c o n c e n t r a t i o n o f v a n a r i u r~ i n t h e a l l o y s used i n t h e p r c s e n t e x p e r i m e n t .
IFig.1 O p t i c a l micrographs o f r c c r y s t a l l izcd s p e c i~r~c n s oC vanadium-addcd Cu-Al-Zn f3-brass t y p e a l l o y s .
( a ) A l l o y B-1, h o t -r o l l c d a t 900K and r e c r y s t a l l i z e d a t 1073K f o r 1 . 8 k s , followed by w a t e r -q u e n c h i n g .
( b ) A l l o y C -2 , a s above.
F i g . 2 shows t h e f e a t u r e o f 6 -g r a i n growth o f a l l o y 13-1 (luring r c c r y s t a l l iz a t i o n a t 1073K. I t is s t r i k i n g t h a t t h e 6 -g r a i n gowth i s e f f e c t i v e l y r e t a r t e d hy v;inadium a d d i t i o n and
t h e s i z e o f 6 -g r a i n s n e v e r grows o v e r 300 u m even a f t e r r e c r y s t a l l i z i n g f o r 1.92 k s , F i g . 2
( d ) .
Itlien t h c s p e c i n~e n s i z c i s w i t h i n 21nm t h i c k x lOmm w i d e , it was found t h a t t h e p r e s e n t a l l o y s can b c c o l d -r o l l e d a t room t e m p c r ;~t u r c up t o 10% i n t h e 6-phase s t a t e and t o 20% i n t h e m a r t e n s i t i c s t a t e w i t h o u t f a i l u r e . Thus, i t i s p o s s i b l e t o o b t a i n even f i n e r 6 -g r a i n s . . i '* c.,
1:ig.L O p t i c a l micrographs showing t h c e f f e c t o f a n n e a l i n g t i m e on t h e 3 -g r a i n s i z e i n a l l o y B-1.
( a ) Annealed :it 1073K f o r 6 0 s i n ;I s a l t b a t h , followed by w a t c rquenching.
( 
i n t h e m a r t e n s i t i c s t a t e ) . U s u a l l y t h e @ -g r a i n s i z e i n c o p p e r -h a s e B -b r a s s t y p e a l l o y i s 0 . 5 t o a few mm ;~n d t o o b t a i n c t h e g r a i n s i z e l c s s t h a n 500 Dm, a n n e a l i n g t i m e s h o u l d h e l i m i t e d t o a few t e n s o f seconds :it t h e r e c r y s t ; i l l i z n t i o n t e m p e r a t u r e , w h i l e i n t h e p r e s e n t v a n a d i~~m -a d d e d a l l o y s t h e g r a i n s i z e 200 t o 300 u m can b e o b t a i n e d by ~l s u a l a n n c a l i n z t r e a t m e n t f o r a few k s , w i t h o u t any s p e c i a l h e a t -o r ther~nonlcchanical t r e a t m e n t . 'The above ohserv:ltion s u g g e s t s t h a t t h e vanadium a d d i t i o n r e d u c e s e f f e c t i v e l y t h e 6 -g r a i n s i z e o r copper-aluminium-b:tsed B -h r a s s a l l o y s .

Kilmei e t :11. ( 3 ) showed t h a t v a n a d i u n~ h a s a r e t a r d a t i o n e f f e c t a g a i n s t g r a i n g r o k t h o f Cu-Al-hi h i g h damping 6 -p h a s e c a s t a l l o y s , and s r~g g e s t c d t h a t t h e e f f e c t i s d u e t o s u p p r e s s i on of g r a i n 1,oundat-y m i g r a t i on by r e d u c i n g t h e d i f f u s i o n c o e f f i c i e n t by d i s s o l v i n g o f vsnadi t r n~ i n t o B-phase.
Ilowever, i t i s c l e a r l y s c e n i n t h e p r e s e n t experiment t h a t vanadium i s r a t t l e r l c s ss o l u b l e i n t h e @ -p h a s e and makes f i n e p r e c i p i t a t e s i n t h e B -g r a i n , 1 : i g s . l t o 3.
--
I n :iddition t o t h o s e o p t i c a l micros c o p i c s c a l e l~r e c i p i t a t c s , i t was found hy
F i g . 4 TEM j mage o f vanadium-added t r a n s m i s s i o n c l e c t r o n microscopy t h a t nruch Cu-!\I-7n a l l o y , a l l o y 11-1, showing f i n e r p r e c i p i t a t e s , i q i t t~ s i z e about 50 nnr, f i n e vanadium p r e c i p i t a t e s in e x i s t w i t h i n t h e % -g r a i n s . I-lowcvcr, B-phasc.
no c l e a r evidence o f t h e p r e c i p i t a t i o n a t g r a i n boundaries was o b t a i n e d by TEM. XMA experiment r e v e a l e d t h a t t h e p r e c i p i t a t e s found i n t h e o p t i c a l micrographs a r e vanadium-rich a V -A l p h a s e . T h e r e f o r e , from a l l t h e above o b s e r v a t i o n s , i t i s n a t u r a l t o c o n s i d e r t h a t t h e 6 -g r a i n s i z e r e d u c t i o n i s due t o a d i s p e r s i o n e f f e c t of t h e p r e c i p i t a t e s found i n t h e O M o r TEM, a t l e a s t i n t h e a l l o y s used h e r e .
2. P s e u d o -e l a s t i c i t y and SME.
F i g . 5 S t r e s s -s t r a i n curves f o r a l l o y B-2, deformed by t e n s i o n a t 29SK (above Af) .
Fig.6 S t r e s s -s t r a i n curves f o r a l l o y D-1, deformed by t e n s i o n a t 233K (above Af),
(a) and (b) , a t 183K (below Mf) , (c) .
F i g s . 5 and 6 show t h e t y p i c a l t e n s i l c bchaviour o f t h e p r e s e n t vanadium-added
Cu-Al-Zn '6-brass a l l o y s . F i g . 5 shows t h e s t r e s s -s t r a i n curves o f a l l o y B-2 t e s t e d a t 295K by t e n s i o n ( e i n a l l c a s e s was about 0.017/min). In t h i s a l l o y small amount o f p l a s t i c s t r a i n (about 0.17%) remains a f t e r unloading t h e t e n s i l e s t r e s s , ( a ) .
The r e s i d u a l s t r a i n i n c r e a s e s w i t h i n c r e a s i n g a p p l i e d s t r a i n , (b) and r e a c h e s about 0.7% when t h e a p p l i e d s t r a i n i s over 6 % , ( c ) . I t was u s u a l l y observed t h a t t h e r e s i d u a l s t r a i n reaches zero when t h e a p p l i e d s t r a i n o r s t r e s s i n t h e s u c c e s i v e deformation c y c l e i s lower than t h a t o f t h e immediately previous one. The maximum r e c o v e r a b l e p s e u d o -e l a s t i c s t r a i n was found t o be about 5%. Figs.6 ( a ) and (b) a r e t h e s t r e s s -s t r a i n curves o f a l l o y D-1. Apparently t h e a l l o y i s mechanically s o f t e r t h a n t h e above a l l o y B-2. The mean d i f f e r e n c e between t h e s e r e s u l t s i s t h e d i f f e r ence between T t e s t . and A f , i . e . A ( T t e s t . -A f ) , i n both a l l o y s . Within 3% a p p l i c d s t r a i n p s e u d o -e l a s t i c s t r a i n r e c o v e r s almost completely when unloading t h e t e n s i l e s t r e s s , (a) and about 0.4% s t r a i n remains a f t e r b e i n g c l o n g a t e d over 4%, ( b ) . h'hen t h e specimen was deformed below M f , i t showcd u s u a l shape memory e f f e c t , ( c ) . I t was found t h a t t h e maximum shape memory s t r a i n reached 5.5%. The p s e u d o -e l a s t i c and shape memory behaviour shown above was commonly observed i n t h e o t h e r a l l o y s used i n t h e p r e s e n t experimcnt and i t was found t h a t t h e vanadium a d d t i o n does n o t cause any n e g a t i v e e f f e c t on shape memory p r o p e r t i e s . Both p s e u d o -e l a s t i c and shape memory s t r a i n s obtained i n t h e p r c s c n t i n v e s t i g a t i o n a r e n e a r t h e average t h e o r e t i c a l v a l u e s o f p o l y c r y s t a l l i n e m a t e r i a l s (6).
3. Fractography. Fig.7 shows t h e scanning e l e c t r o n micrographs of t h e t e n s i l e f r a c t u r e s u r f a c e of a l l o y s B-1 and D-1. The remarkable e f f e c t o f vanadium a d d i t i o n on t h e Cu-Al-Zn 6-phase a l l o y s appeared i n t h e t e n s i l e f r a c t u r e mode o f t h e s e a l l o y s . In t h e p r e s e n t experiment, a l l a l l o y s showed almost t r a n s g r a n u l a r t y p e f r a c t u r e when deformed e i t h e r i n t h e 6-phase s t a t e o r i n t h c m a r t e n s i t i c s t a t c . F i g s . 7 ( a ) and (b) a r e t h e SE micrographs o f t h e t e n s i l e f r a c t u r e s u r f a c e o f a l l o y 8-1, deformed a t 235K (6-phase).
I t can b c c l e a r l y seen t h a t t h e f r a c t u r e mode i s e n t i r e l y t r a n sg r a n u l a r and t h e r e a r e some a r e a s showing dimple p a t t e r n s i n t h e enlarged photograph ( b ) . When t h e specimen R-1 was f r a c t u r e d a t l i q u i d n i t r o g e n temperature ( m a r t e n s i t i c s t a t e ) , t h e r c a r e a few i n t e r g r a n u l a r f r a c t u r e a r e a s , while most o f t h e f r a c t u r e i s s t i l l t r a n s g r a n u l a r , ( c ) and ( d ) . In a l l o y D-1, cven when t h e specimen was deformed F i g . 7 SEM images o f t h e t e n s i l e f r a c t u r e s u r f a c e o f t h e vanadium-added Cu-Al-Zn a l l o y s .
(a) and ( b ) , a l l o y B-1, f r a c t u r e d a t 235K (above Af) , f r a c t u r e s t r a i n 7.8%.
( c ) and ( d ) , a l l o y B-1, f r a c t u r e d a t 77K (below Mf), f r a c t u r e s t r a i n 6.6%. (e) and ( f ) , a l l o y D-1, f r a c t u r e d a t 77K (below Mf), f r a c t u r e s t r a i n 10.1%. and f r a c t u r e d a t l i q u i d n i t r o g e n temperature ( m a r t e n s i t i c s t a t e ) , t h e r e i s no i n t e rg r a n u l a r f r a c t u r e , (e) and t y p i c a l dimple p a t t e r n s a r e seen i n some a r e a s , i n t h e e n l a r g e d photograph ( f ) .
I n t h e p o l y c r y s t a l l i n e specimen o f t h e copper-base B-brass t y p e shape memory a l l o y s , t h e f r a c t u r e mode i s u s u a l l y i n t e r g r a n u l a r and t h i s l e a d s t o t h e low mechanical s t a b i l i t y , low f a t i g u e l i f e and i s t h e main shortcoming o f t h i s t y p e a l l o y f o r t h e p r a c t i c a l t e c h n i c a l use. However, i n t h e p r e s e n t vanadium-added Cu-A1 Zn shape memory a l l o y s , most o f t h e f r a c t u r e mode is t r a n s g r a n u l a r and sometimes dimple p a t t e r n s a r e observed. T h e r e f o r e , it i s expected t h a t t h e vanadium a d d i t i o n i s one o f t h e e f f e c t i v e and u s e f u l method t o develop good shape memory m a t e r i a l s based on copper-aluminium bronze.
